The mass of the dark matter particle is unknown, and may be as low as ∼10 −22 eV. The lighter part of this range, below ∼ eV, is relatively unexplored both theoretically and experimentally but contains an array of natural dark matter candidates. An example is the relaxion, a light boson predicted by cosmological solutions to the hierarchy problem. One of the few generic signals such light dark matter can produce is a time-oscillating, EP-violating force. We propose searches for this using accelerometers, and consider in detail the examples of torsion balances, atom interferometry, and pulsar timing. These approaches have the potential to probe large parts of unexplored parameter space in the next several years. Thus such accelerometers provide radically new avenues for the direct detection of dark matter.
I. INTRODUCTION
The astrophysical and cosmological evidence for dark matter is overwhelming. However, we know almost nothing about its fundamental properties. All we can say confidently about its mass is that it lies between ∼ 10 −22 eV [1] [2] [3] [4] and astrophysically large scales. The type of particle and the nature of its interactions are unknown. Experimentally testing the vast range of well motivated dark matter candidates is one of the most important objectives of modern physics.
For the purposes of direct detection, dark matter candidates can be roughly divided into two classes, particle-like or field-like. Because the local energy density of dark matter is ρ DM ∼ (0.04 eV) 4 , if the dark matter mass (really momentum) is much greater than ∼ 0.1 eV the phase space density will be low and the dark matter acts more like a particle for the purposes of detection. If the mass (momentum) is much below this scale, then dark matter has a high phase space density (many particles per de Broglie wavelength cubed) and is often well-described as a classical field 1 . The Weakly Interacting Massive Particle (WIMP) [5] is the prototypical example of particle-like dark matter, while the axion [6] [7] [8] [9] [10] [11] is the prototypical example of field-like dark matter. Traditional particle detection techniques are likely the optimal way to search for particle-like dark matter, at least in a very broad range of masses around the Weak scale. There has been a significant, decades-long effort in direct detection of dark matter, focused on the WIMP. While the WIMP is well-motivated, the lack of evidence for it to date at either direct detection experiments or the LHC suggests that the search for dark matter should be broadened to include other candidates. This paper will focus on novel ways to search for light, field-like dark matter. Such light dark matter has attracted a great deal of interest recently both theoretically and experimentally .
We wish to broaden the search for dark matter to the lighter part of the allowed range, but of course with an additional focus on the candidates that have the best motivation. Part of the motivation for both WIMPs and axions is that they can arise from solutions to tuning problems-the hierarchy problem and the strong CP problem respectively. In fact, the recently proposed cosmological solution to the hierarchy problem [49] predicts a light field, the relaxion-a light scalar which couples to matter through the Higgs portal. This is one of the types of particle that we focus on finding ways to search for in this paper. The other strong part of the motivation for WIMPs and axions is that they are good dark matter candidates, meaning that they have natural production mechanisms and are simple effective field theories which describe broad classes of higher-energy models. There are several types of light bosons which are also natural dark matter candidates. In particular, there are natural production mechanisms for light bosons: misalignment production for scalars [9, 10] and inflationary fluctuation production for vectors [35] . If a light boson does exist in the theory, these production mechanisms necessarily produce an abundance of this particle in the universe, and it is natural for it to make up some or all of the dark matter.
Several direct detection searches for axion and hidden-photon dark matter are operating or are under construction [13, 14, 18, 33, 50, 51] . In this paper we focus on two other well-motivated possibilities: scalars coupled to the Standard Model through the Higgs portal [38, 52] and B−L coupled vectors. As we show, such dark matter candidates can be powerfully probed with precision accelerometers-in particular through the time-oscillating, equivalence principle violating force that they exert on normal matter. Such accelerometers have been used to search for new forces or modifications of general relativity. Here we are considering the possibility that such a new force carrier is itself also the dark matter. Interestingly, the direct effect of the field as dark matter is expected to be significantly larger than its effect as a 5th-force mediator in future searches.
II. EXECUTIVE SUMMARY
• We investigate dark matter in the large mass range below ∼ eV. Here dark matter behaves as an oscillating classical field. In terms of low energy physics, there are only a handful of possible effective theories for dark matter in this part of parameter space, classified in Table I (see Section III). And in fact there are only four rough classes of detectable effects of such dark matter: spin effects, electromagnetic effects, accelerations, and variations of fundamental constants.
• Direct detection experiments have already been designed to search for the spin and electromagnetic couplings (e.g. axion detectors). Here we focus on the equivalence-principle (EP) violating acceleration caused by dark matter, which is not currently being searched for in any experiment. This effect is generic for both scalar and vector DM, two natural candidates being a scalar coupled through the Higgs portal and a vector coupled to B − L charge. In addition we point out a new way of seeing the variation of fundamental constants using pulsar timing arrays.
• This DM-induced acceleration oscillates in time with a fixed frequency and long coherence time ( > ∼ 10 6 periods) and points in a random direction (fixed in the galactic frame over a coherence time). These features distinguish it from backgrounds such as seismic noise. The amplitude of the acceleration, combined with its distinctive features, make the DM signal significantly easier to search for over a wide DM mass range than static EPviolation (caused by the same light field sourced by the Earth). See Section IV.
• Existing accelerometer technology designed to search for static EP-violation is automatically also sensitive to a DM-induced signal. In Section V A we examine the potential sensitivity of torsion pendulum setups, for example as used by the Eöt-Wash group. These benefit significantly from the random direction of the DM signal, which avoids the ∼ 10 −3 suppression suffered in searches for a vertical acceleration sourced by the Earth. The impressive sensitivity of these setups means that even a reanalysis of existing data will be able to probe new DM parameter space. With the technology upgrades expected over the next several years, they will reach into unconstrained parameter space by many orders of magnitude in mass and coupling strength.
• Atom interferometers are another type of high-precision accelerometer which can be sensitive to light field DM.
As we discuss in Section V B, these are also expected to reach deep into currently unconstrained parameter space over the next several years.
• Two other potentially powerful experimental options are lunar laser ranging and pulsar timing arrays, see Sections V C & V D. In both cases, a reanalysis of existing data should be able to constrain new DM parameter space or even uncover a signal, and expected upgrades over the next few years should improve their reach further. Pulsar timing arrays in particular can be the most powerful probe of scalar DM at the lowest frequencies.
• Our main results are shown in Figs. 2, 3 & 4, respectively for a B −L coupled vector, a scalar coupled through the Higgs portal, and a scalar coupled to the electron mass operator. For the latter scalar coupling, a non fine-tuned part of parameter space appears reachable in the near to mid term, while for the former scalar coupling this looks extremely difficult. However in both cases there is a large reach into fine-tuned but otherwise unconstrained parameter space. The projected reach for the B − L coupled vector is particularly striking, extending many orders of magnitude into unprobed parameter space.
III. THEORETICAL LANDSCAPE OF LIGHT DARK MATTER
In this section, for theoretically minded readers, we categorize the range of possible light field dark matter candidates and their leading physical effects.
Light bosons are a well-motivated and under-explored class of dark matter candidates. While the allowed mass range is vast, the types of fields and natural couplings are limited. The leading interactions are shown in Table I . We focus on these operators since operators of higher dimension with linear couplings will have a lesser impact and will generate these lower dimension operators via loops. In addition, we ignore operators with quadratic couplings (such as φ 2 h † h), as their impact will be significantly smaller. We postpone discussion of spin-2 candidates for future work, since there are questions about the range of validity, degree of fine tuning, and allowed interactions of massive spin 2 fields (see e.g. [53] [54] [55] ). Finally, we do not consider massive bosons of spin 3 or higher, since we know of no effective field theory valid parametrically above their mass.
Interestingly there are not too many possibilities for light bosonic field dark matter, and it appears possible to design direct detection experiments to probe them all. The state of light bosonic dark matter in the galaxy is well described as a random classical field that:
• oscillates at an angular frequency equal to the dark matter mass, m,
• is locally coherent over ∼10
6 oscillations (meaning a 1 part in 10 6 frequency spread),
• has a local energy density of ρ ∼ (.04 eV) 4 ∼ m 2 φ 2 , where φ is the boson.
The first is simply true of a non-relativistic field. The second is due to the fact that the virial velocity of local dark matter is v 10 −3 and the field should be coherent over a de Broglie wavelength 1/(mv), and thus for a time ∼ 1/(mv 2 ) 10 6 /m. The third assumes any of the standard halo profiles for dark matter, and thus makes a prediction for the amplitude of the field. As a result of these oscillations, the dark matter acts as a time-dependent source term for the Standard Model operators given in Table I . This leads to time-dependent signals with the same frequency and phase as the dark matter field. The experimental signals can be roughly divided into three categories. First, the axion-gluon, axion-fermion, vector dipole and axial-vector couplings produce spin-dependent forces or signals. Proposals have been made to detect such dark matter, notably though detection of an oscillating neutron electric dipole moment and/or an "axion wind" (which exerts a torque on particles' spins) [17, 18] , which should in principle also be sensitive to vectors coupled through the dipole operator, and axial vectors. Independently of their cosmic abundance, these fields can also be searched for in experiments attempting to source and detect a spin-dependent force [57] [58] [59] [60] , although the DM searches have sensitivity to significantly smaller couplings.
The second category of experimental signals comes from the vector-photon mixing and axion-photon coupling, both of which can produce an effective electromotive force which can drive electric currents. The axion-photon coupling results in an EMF in the presence of a background magnetic field, and is being searched for in this way by ADMX [13] . Vector DM with vector-photon mixing generates an EMF in vacuum inside a shield, which will be searched for, for example, by the recently proposed DM Radio [33] . Again, these fields can also be searched for independently of their cosmic abundance, but with less reach in coupling-in this case with experiments that search for transmission of electromagnetic radiation through a shield [23, 31, 61] .
The third category comes from the Higgs portal, minimal vector, and gravity-like couplings, all of which can produce a coherent time-dependent Equivalence Principle (EP) violating force on macroscopic matter, as well as an oscillation of Standard-Model parameters. Exploiting these effects is the central point of this article.
Scalar couplings
In the case of the scalar, there are a number of potentially important couplings to Standard Model fields. For example, a linear coupling to quark mass or electron mass operators will produce the time-dependent, EP-violating forces we are interested in. We focus in this paper on the linear coupling to the Higgs for several reasons:
• Universality: The coupling to the Higgs produces (different) couplings to the electron, proton, and neutron masses and thus, in terms of a single parameter, reproduces all of the interesting effects.
• IR Dominance: The scalar coupling to the Higgs is the lowest dimension coupling allowed, and therefore any other linear coupling to Standard Model operators will generate this coupling at loop level, whereas the opposite cannot be said (as there are no divergent graphs for higher dimensional operators). In addition, it is plausible that the UV theory produces this operator with a larger effective coefficient in the IR than all others due to its low dimension.
• Naturalness: For a given φ mass, m, and coupling, bφh † h, naturalness only requires the coupling to be smaller than the mass, i.e. b m. Higgs loops also produce a tadpole term for φ with coefficient of order bΛ 2 , where Λ is the scale at which Higgs loops are cut off. In the natural regime, m φ > ∼ b, the linear term will produce a vacuum expectation value for φ of size ∼ bΛ 2 /m 2 , and thus a contribution to the Higgs mass squared smaller than Λ 2 , i.e. smaller than the direct quantum corrections to the Higgs mass. Thus, this coupling does not contribute to the naturalness story of the Higgs, and naturalness constraints on b do not depend upon the UV cutoff of the Standard Model. This is different from all other Standard Model operators φ could couple to, where the naturalness of its own mass would also depend on the cutoff scale of Standard Model loops.
In addition this direct coupling to the Higgs is interesting because it is the defining coupling of the scalar "relaxion" in dynamical relaxation solutions of the hierarchy problem [49] . While the last constraint makes the Higgs coupling especially interesting, there are individual couplings (e.g., to quark and electron masses) which can be both natural and more experimentally accessible (for a sufficiently low cutoff). We include a direct coupling to the electron mass in our projections as one interesting example.
Vector couplings A minimally coupled vector, which is anomaly free (with respect to mixed anomalies with the Standard Model gauge groups), and allows all Standard Model Yukawa couplings, is any linear combination of hypercharge and baryon minus lepton number (B − L). However, there are more generally a number of allowed vector couplings to the Standard Model:
The latter part acts as a dark photon and will be picked up by those searches. However, bounds on the dark photon are tremendously weaker than bounds on B − L, since a dark photon puts a negligible force on neutral matter.
• Flavor-blind, anomalous: B and L are anomalous symmetries, and a field coupled to them would produce a force on matter. Because of the anomaly, the longitudinal mode of such a vector would become strongly coupled at ∼ 4πm/g, where m and g are the mass and coupling (assuming charges of order unity). This is the highest scale where new fermions could appear to cancel the anomaly (with Yukawa couplings of 4π), and thus we would require ∼ 4πm/g > ∼ 1 TeV, which we will see is difficult (but possible) to probe. Most combinations of B and L will have a similar degree of EP-violation between different isotopes (except for B, which has larger suppression and is similar to the scalar).
• Flavor-dependent, anomaly free: It is easy to construct anomaly free gauge symmetries with flavor-dependent charges. However, the required fermion masses in the Standard Model explicitly break such symmetries, which again implies a cutoff at some higher scale. For example, if electrons have an axial charge, and muons have the opposite axial charge, the explicit breaking of the gauge symmetry due to the muon Yukawa coupling, y µ , will induce strong coupling for the longitudinal mode at a scale ∼ (4π/y µ )(m/g) (which is a weaker constraint than the anomalous case). By far the weakest strong coupling constraint is on a coupling to the difference of lepton flavors, such as L e − L µ , which would only be violated by certain neutrino mixing terms. Vector bosons couple to fermions of the first generation would produce similar effects to that of B − L, whereas couplings to second and third generations only will be much harder to test.
Thus, not only is a vector coupled to B − L simplest from a theoretical point of view, but searching for its effects will also cover the effects of many other classes of vectors. Thus, in this paper we will only consider vectors coupled B − L charge.
IV. EP-VIOLATING SIGNATURES
A. Discussion
The DM described above causes an equivalence-principle violating acceleration on test bodies, which oscillates in time at the natural frequency of the dark matter (equal to its mass). This is of great benefit to experiments searching for this signal, since it is a fundamental frequency of nature unrelated to anything generated by the laboratory or the experiment itself. Compare this with searches for static equivalence-principle violating forces in which systematic effects such as gravitational gradients can mimic the signal. Handling these systematics is most difficult for static signals and is much less of a problem in searches for the very distinctive DM signal. In section V A, we consider this explicitly in the concrete setup of torsion pendulums. In addition, the narrow frequency spread of the signal could also enable resonant schemes that lead to signal amplification.
The force on a test body from the dark matter points in a random direction that is uncorrelated with anything in the laboratory and is fixed in the frame of the galaxy over the coherence time. This is particularly beneficial in torsion pendulum experiments, which suffer a ∼ 10 −3 suppression in searches for a vertical force sourced by the Earth, but suffer no such suppression in a DM search. In the case of the B − L coupled vector, for example, the force points in the direction of the vector's electric field, which is unknown. In the case of the scalar, the force points in the direction of the local gradient in the scalar field (its momentum). In either case the direction and magnitude of the force change by O(1) amounts on timescales of 10 6 /m, the coherence time of the dark matter. Of course, since the force is set in the galactic frame, in the earth frame it will also have a daily (and yearly) modulation. This modulation is useful because it allows us to distinguish the dark matter force from many backgrounds which arise from objects fixed on the earth, for example static gravity gradients. Given these advantages, what is the optimal way to measure these dark-matter induced accelerations? Current accelerometer technologies are fundamentally sensors of position. The position of a test body subject to an acceleration a at a frequency m will oscillate with an amplitude ∆x ∼ (a/m 2 ). These modulations of position can be measured with high precision interferometers (either optical or atomic). Since displacement (as opposed to acceleration) is a relative quantity, this scheme can only measure relative accelerations, for example between two test bodies. The dark matter can induce such a relative acceleration in two ways. Firstly, if the test bodies are physically separated by some distance, the value of the dark matter field at the two locations will be different, resulting in different forces being exerted on the two objects. This can produce a signal in gravitational wave detectors, but with a significant suppression at lower frequencies due to the reliance on the small dark matter gradient (∼ mv), as was discussed in [38] .
Secondly, if the composition of the two bodies is different, they will experience different accelerations, since the force exerted by the dark matter violates the equivalence principle. The size of this effect is suppressed by the degree of EP-violation between the test-body materials. However, since the effect is independent of the physical separation of the test bodies, it does not suffer the extra gradient suppression seen in the effect relying on physical separation. It also allows experiments to be designed to be insensitive to the time-varying Newtonian gravitational backgrounds, which are known to be significant below ∼ 10 Hz [62] . This is extremely beneficial since the measurable displacement of the text bodies increases as 1/m 2 , making accelerometers generally most sensitive at low frequencies. The scalar DM considered in this paper can also produce an oscillations of fundamental "constants", such as the electron mass or fine structure constant. This approach was considered in [38, 56] (using comparisons of different atomic clocks) and in [39] (using resonant mass detectors), and is considered again here in section V D (using pulsar timing arrays). The proposed atomic clock searches would be sensitive at the lowest possible DM masses, and therefore overlap somewhat with the searches we consider here. We find the searches we propose to be generally more powerful, although the projections rely on assumptions about the development of different technologies, and have different relative strengths for different types of coupling.
We now focus on the Higgs-coupled scalar and the B − L coupled vector as two naturally light DM candidates. We also consider a scalar coupled to the electron mass operator, as an example of the range of possible non-renormalizable scalar couplings. These all induce a time-oscillating, EP-violating force on accelerometers (bulk matter or atoms). Searches for this effect constitute DM direct detection experiments, with the signal resulting from the direct contact interaction between the DM and normal matter, similar to axion or gravitational wave detection.
B. B -L vector DM
We begin with B − L coupled vector dark matter. Such a light vector field behaves very similarly to a coherent electromagnetic field, except for its mass term and the fact that it also couples to neutrons. Its coupling can produce new forces in two distinct and important ways. First, it produces a static force between clumps of matter (such as between the Earth and a test mass), and this force is constrained both by tests of the inverse square law and of the EP, depending on the vector mass (see, for example, [63] ). Second, as we present in this paper, if the vector makes up a portion of the dark matter, it produces an oscillating (time-dependent) EP-violating force directly on matter. For a B − L coupling, the dominant EP violating effect is due to the relative neutron fraction of different atoms. In searches for a static effect, the force arises due vector exchange between source and test masses, and (for distances shorter than the Compton wavelength of the boson) is
Here g B−L is the coupling strength of the vector, A S and Z S are the atomic weight and number of the source, are the masses of the source and test bodies, R is the separation between the source and test bodies, M S and M A are their masses, m N is the nucleon mass, and ∆ B−L is the degree of EP violation of the two test bodies, given by
where A 1,2 and Z 1,2 are the atomic weight and number of the two test bodies. Assuming the vectors are the dominant component of dark matter, their density is ρ DM m
B−L (where we neglect the small spatial gradients). From the equations of motion, matter couples to
as in normal electromagnetism, but with the neutron having the same charge as the proton. Thus, the magnitude of the EP-violating force is simply
leading to a relative acceleration of
where g 9.8 m s −2 . Comparing the dark-matter induced signal to the static force signal generated by the Earth, we get the simple formula for the ratio of acceleration amplitudes:
The O(10 −3 ) suppression of the static effect in the Eöt-Wash experiment means that the dark matter produces a larger acceleration for couplings smaller than 10 −24 − 10 −25 . As we see in Fig. 2 , current bounds already push the coupling below this limit, and thus if B − L coupled vectors make up all the dark matter, their effect on the Eöt-Wash torsion pendulums is larger than the static contribution in the entire remaining low-mass parameter space.
C. Higgs-portal scalar DM
We now turn to the more complicated case of a scalar linearly coupled to the Higgs mass operator, L ⊃ bφ|H| 2 . This translates in a relatively straightforward way to a linear coupling of φ to all Standard Model fields. To compute the effects on matter, we need the couplings to quarks and leptons, and the estimates of the coupling to neutrons, protons and nuclei (as parameterized in [52] ):
where h = 246 GeV and m h = 125 GeV are the Higgs expectation value and mass. The ψ are fermions, and for quarks and leptons, it is simple to compute the leading coupling -minimizing the Higgs potential and treating φ as a background field, one gets g hqq = m q / h and g h = m / h respectively. The universal coupling to nucleons has significant uncertainly, and we take g hN N = 200 MeV/ h 10 −3 in quoting our bounds. One can see this as a reasonable estimate from two contributions. First, if one integrates out the three heavy quarks, top, bottom, and charm, their mass thresholds depend on the scalar, φ, and one can compute contributions to the one-loop strong coupling scale, treating φ as a background field:
and thus should produce a coupling to nucleons with g hN N (2/9)m N / h , taking the nucleon mass, m N , to scale essentially linearly with Λ QCD . The (2/9) = (b are the beta-function coefficients of QCD just below the charm mass and just above the top mass respectively. The other significant contribution should come from the strange mass contribution to nucleon masses, according to chiral perturbation theory. The contribution to the coupling is of the form:
Recent lattice calculations, done at the physical point in parameter space, obtains f N s 0.113 ± 0.053 [64] . 2 Finally, the scalar, φ will have a coupling to photons at one loop by integrating out charged fermions and W bosons. This contribution is suppressed by a power of the fine structure constant, α, and adds only a tiny correction to the scalar coupling to matter.
The force on matter violates EP. One reason is that the scalar coupling to neutrons and protons are not precisely proportional to their masses, and differ roughly by the lightest quark masses over the QCD scale, or δ ∼ few × 10 −3 [52] . When testing relative forces between different materials, the differential acceleration due to this difference in relative coupling would be proportional to this δ as well as the factor ∆ B−L = (Z 1 /A 1 − Z 2 /A 2 ), where Z 1,2 and A 1,2 are the atomic number and mass respectively of the two materials. In typical experiments testing EP, ∆ B−L is typically a few percent (see for example [66] ).
However, a larger effect should come from the nuclear binding energy differences, especially when comparing light and heavy elements. This is because the binding energy should scale differently with Λ QCD and the light quark masses than the nucleon masses do, and thus elements with the largest differences in binding energy per nucleon should produce the largest effect.
Let's see this explicitly. The mass of an atom is:
where N , Z, and A are the neutron number, atomic number, and atomic weight and m n , m p , and m e are the neutron, proton, and electron masses respectively, and E B is the binding energy per nucleon (and is negative). This can be parameterized roughly as:
where the second line comes from turning on a background φ.
, and c B is expected to be somewhere between c N and O(1). The c q coupling is mostly due to the scaling of the nucleon mass difference with the up and down quark mass difference (and a negligible effect from the electromagnetic contribution to the nucleon masses), while c B is due to the scaling of the binding energy with respect to the QCD scale, strange quark mass, and light quark masses.
Since the coupling of φ to the atom represents a potential energy for the atom in the presence of the background field, a non-zero gradient for φ produces a force on atoms. The acceleration of an element i due to a background φ is proportional to the linear coupling of φ to the atom, divided by the atom's mass, or
The second and third terms in parentheses give rise to different accelerations for different materials (i.e. EP-violation). The effect is typically dominated by the difference in binding energies, so long as c B = c N . c B and c N have not been precisely measured, but a close cancellation is not expected. In particular, c N is expected to receive a contribution from m s at the O(0.1) level (Eq. 8), whereas c B is not. The binding energy is also expected to have a dependence on the pion mass, and consequently on the up and down quark masses, that will contribute to c B − c N (although some recent lattice calculations have found this contribution to be small [67] ). We therefore take c B − c N = 0.1 in our calculations, which we assume to be a reasonably conservative estimate.
3
In an accelerometer, scalar dark matter will put a direct (time-dependent) EP-violating force on the test masses, which will point in a random direction. If the field makes up all the dark matter abundance, then locally ρ DM m 2 φ φ 2 ≈ 0.3 GeV/cm 3 ≈ (0.04 eV) 4 . We can replace the gradient of φ with the momentum in the field, ∇φ → m φ vφ, where v ≈ 10 −3 is the local dark matter velocity. This gives a relative acceleration between two test mass materials of
where
We 
Thus, the DM force is stronger when the coupling (and on the naturalness line, the mass) is smaller than 10 −16 eV. Again, Eöt-Wash tests of static EP violation receive an extra relative suppression of ∼ 10 3 on top of this estimate, because they are only sensitive to the horizontal force from the center of the Earth [66] . Using the numbers given above, the static bounds on a B − L coupled vector of [66] can be converted into bounds on the scalar using b ≡ 2.6 × 10 
D. Scalar coupled to electron mass
As an example of an alternate coupling of scalar DM, we also consider a dilaton-like coupling only to the electron mass operator, L ⊃ y φee φ ee .
For naturalness the scalar's mass should satisfy (schematically) m > ∼ y φee Λ/4π, where Λ is the scale at which electron loops are cut off, and we assume Λ > ∼ TeV. The static EP violation sourced by the Earth is related to that in the B − L case by ∆ a φee, static = y 2 φee N e,source
Since the Earth has N e ≈ N n , we can therefore just use y φee ≡ g B−L when comparing bounds from static EP tests. The time-varying EP violation caused by a DM φ field is related to that in the B − L case by ∆a φee, DM = y φee ∇φ
We can therefore use y φee ≡ g B−L /v when comparing the reach of DM searches, with v ≈ 10 −3 .
V. EXPERIMENTAL OPTIONS
We consider three ways to measure these EP violating forces from dark matter. The methods are distinguished by the nature of the test bodies used to perform the measurement. In section V A, we consider torsion pendulums, with laboratory-scale macroscopic masses whose relative accelerations are measured through optical interferometers. In section V B, we consider ballistic atoms as test masses, with their relative accelerations measured through atom interferometry. Finally, in section V C and V D the test masses are celestial objects-the Moon and pulsars. In section V E we summarize our projections and discuss other bounds. Our results are plotted in Figs. 2, 3 & 4. A. Torsion Balances
Dark matter detection strategy
Torsion balances are currently the most sensitive instruments for measuring static, equivalence principle (EP) violating forces [68] . Here we consider using torsion-balance pendulums to detect the time-oscillating, EP-violating forces induced by light bosonic dark matter, as illustrated in Fig. 1 .
Torsion balances configured for EP tests carry test-bodies of different materials. An EP-violating force would apply different accelerations to the different materials, producing a torque, τ (t), on the pendulum. The experiment then consists of carefully monitoring the twist angle θ(t) of the pendulum to infer τ (t). In modern experiments, the entire setup is placed on a turn table rotating at a frequency f tt . This causes the torque exerted by an otherwise static force to oscillate at this frequency. The DM signal, by contrast, oscillates at a frequency f DM = m/2π (the Compton frequency of the DM), modulated by both the turn-table frequency f tt and the Earth's rotation frequency f ⊕ . Since the DM matter signal does not occur at a frequency associated with either the experiment or the environment, it is naturally distinguishable from most backgrounds.
Torsion balance experiments looking for a static EP-violating force towards the earth (e.g. [66, 69] ) must deal with any effect that produces a pendulum twist at the turntable rotation frequency, such as turn-table imperfections, temperature gradients, and gravity gradients. Consider lab-fixed gravity gradients. These apply a torque on the gravitational moments of the pendulum, and the torque changes direction at frequency f tt as the torsion balance rotates, just like a static EP signal. The degree to which one can cancel the gravitational gradients in the lab and the gravitational moments of the pendulum is a limiting factor in these experiments. However, the DM signal always has frequency components separated from f tt , even for arbitrarily small DM masses, and so only phase-coherent gravity gradient fluctuations that exactly mimic Eq. (19) affect the measurement. This strategy has been effectively used to suppressed the major systematics in searches for sidereally modulated signals in torsion pendulum experiments [70, 71] , and it should work just as well in searches for the DM modulated signal.
A second major advantage of the DM search over the static search is the direction of the force. The static force sourced by the Earth points in the vertical direction, while a hanging torsion pendulum is sensitive only to horizontal forces. Since the Earth's rotation causes the pendulum to hang at a slight angle, the pendulum is sensitive to the static EP force, but only sensitive to at the level of 1 part in 10 3 . A DM-induced force, on the other hand, points in a random direction avoids this large suppression.
As a result of the turn-table rotation and the Earth's rotation, the DM signal occurs at 6 distinct frequencies,
where f ⊕ is the Earth's rotation frequency, as we show in appendix A. The overall amplitude τ DM of the induced torque, and the six O(1) coefficients c i , are determined by ∆ a DM , the difference in the DM-induced linear acceleration between the two test materials. This is given in Eqs. (4, 13 & 18) for B−L and scalar DM. In practice one could then fit the θ(t) datastream to the functional form from Eq. 19, to fully reconstruct the best fit value of the vector ∆ a DM as a function of f DM . We elaborate on this briefly in appendix A, but otherwise we ignore the details of this analysis and simply take
where M and R are the combined mass of the test bodies and the arm length of the pendulum. The factor 1/ √ 3 relects the fact that only one direction for ∆ a DM contributes to the torque at any instant.
Noise in torsion balances
We assume statistical noise sources to be the limiting factor in constraining ∆a DM with torsion balance data. The statistical uncertainty in torsion balance measurements come from damping noise in the wire, noise in the angle read out, and external sources of noise such as seismic noise or gravity gradient noise. These are described by a noise power P ∆a (f ), which controls the uncertainty σ ∆a in the measurement of ∆a DM . For an integration time t int < ∼ 10 6 /f DM , the width of the signal cannot be resolved, and σ ∆a scales as
For longer integration times, when the width of the signal is resolved, σ ∆a can only be improved by performing a bump hunt in P ∆a (f ), giving
P ∆a (f ) is related to the noise power in the pendulum twist, P θ (f ), by combining Eq. 21 with the pendulum response function given in Eq. 24,
where 2πf 0 = κ/I is the resonant frequency of the pendulum, I ≈ M R 2 is the moment of inertia, κ is the torsional spring constant, and Q is the quality factor. The f 4 scaling at high frequencies reflects the fact that the twist of the pendulum for a fixed torque drops as θ ∝ f −2 , since damping becomes irrelevant and the pendulum rotates by the maximum amount possible in a time 1/f . Noise P θ, r.o. in the angular read-out system limits the sensitivity to an angular deflection of the pendulum. Converting a flat P θ, r.o. spectrum to the corresponding acceleration noise power, using Eqs. (24) and (25), gives a high-frequency scaling
This is the limiting factor for the DM sensitivity at high frequencies, as seen in Figs. 2 & 3.
Internal damping in the fiber produces thermal noise in the fiber that dominates the noise of the system at low frequencies. This results in a torque noise P τ,th (f ) = 4T κ/(2πf Q), and an acceleration noise
The spring constant κ of the wire scales as κ ∝ M 2 /L wire , where L wire is the length of the wire and M is the maximum mass it can support. The constant of proportionality depends on the wire materials and how it is fabricated. For the 1 m tungsten wire used in the Eot-Wash setup, this gives a noise scaling
where we have normalized to the parameters of the current setup [69] (see Table II ). For a fused silica wire, κ and therefore P ∆a,th may be lowered by a factor of ∼ 4 compared to tungsten. Using fibers with higher Q or cooling the
Al/Be 0.037 2×10 apparatus to lower temperatures would reduce the effect of thermal noise in the measurement, as would increasing the arm length R (while keeping the active-to-passive mass ratio constant). Torsion pendulums usually have compact (small R) designs to minimize couplings to gravity gradients. If the time dependence of the DM signal does suppress gravitational gradient related systematics sufficiently, a larger pendulum can improve the sensitivity to DM at low frequencies. This requires a trade-off with the high-frequency sensitivity, because the effective acceleration noise from the readout system P ∆a, r.o. (f ) (Eq (26)) increases with pendulum size. As shown in Eq. 28, P ∆a,th (f ) gets worse at low frequencies. However, rotating the apparatus boosts low signal frequencies to near f tt , so the noise around f tt limits the experiment for all frequencies below f tt . This is why our sensitivity curves are flat at frequencies below f tt . To optimize the experiment the turntable frequency should, if possible, be at the intersection of the angle readout noise limit (dominating at high frequencies) and the thermal noise limit (dominating at low frequencies). In practice this can be a challenge to achieve. The values of f tt we use in our sensitivity estimates are intended to be realistic, and are slightly below the optimum values.
Sensitivity Estimates
In Figs. 2, 3 & 4 we show estimated sensitivities for 4 possible scenarios:
1. "reanalysis" is the estimated reach from reanalyzing existing data.
2. "next run" is based on the continued running of the existing Eot-Wash setup, with the improved autocollimator described in [72] and a higher turn-table frequency. We assume thermal + read-out noise to be the limiting factor.
3. "upgrade" corresponds to a combination of several upgrades which have been demonstrated in the laboratory but have not yet been implemented in EP experiments, so there is some technical risk.
4. "future" corresponds to more aggressive upgrades including the use of polypropylene test-bodies, including cooling to liquid Helium temperatures and using silica fibers at the limits of the material properties. We also imagine increasing the lever arm of the test-bodies by scaling the pendulum up by a factor of 8. This would mean the active and passive mass of the pendulum both increase by 8 3 and would require a very sophisticated angle read-out system that reaches the shot noise limit of the system described in Ref. [73] . Other strategies to make larger lever arm have various trade-offs, this is just meant to provide an idea of the reach provided by a larger pendulum. Overall this represents an aggressive projection with significant technology upgrades.
The reanalysis estimate is based on the results of Schlamminger et. al. [69] , where a bound was placed on an EPviolating force that is static in the galactic frame (equivalent to the m → 0 limit for DM). The limit was τ < 10 −18 N m after ∼3 years integration time, using a combined Be/Al test mass of 39 g and an arm length of 2 cm, which corresponds to ∆a < ∼ 3×10 −13 cm s −2 . We take this value as our estimate, although a reanalysis is required, since even the smallest DM frequencies would shift the signal away from the frequency looked at in [69] . Table II shows the assumptions we make for the experimental parameters in the other 3 setups, which we also assume will be limited by thermal and read-out noise as described above. Note in particular that it appears possible to improve the angle readout noise of the device significantly. For example in Ref. [73] a sensitivity of 10 −12 rad Hz was easily achieved with a laser-interferometric setup using an optical lever, so we take this as the "upgrade" read-out noise. The shot-noise-limited sensitivity was estimated at 10 −18 rad Hz
, so we take this as the "future" read-out sensitivity. In all cases we assume a 1 year integration time.
The rotating, cryogenic balance assumed for the "future" experiment would be quite a technical feat. However, even without rotating the apparatus these sensitivities could still be achieved for frequencies above ∼100 mHz. Below 100 mHz the DM signal is modulated at the sidereal frequency, so the sensitivity would roll off by a factor of 100 between 100 mHz and 10 µHz. It is worth noting that the requirements on rotation rate uniformity and tilt-stabilization of the turntable are somewhat less stringent in searches for the DM signal, since the signal is not at the turntable rotation rate.
Comparison with a linear interferometer
If the ultimate limit of such a torsion balance experiment would have a laser interferometric angle readout system, one can ask whether this torsion pendulum geometry is an improvement over a linear geometry where the two different masses are hung from their own fibers and the linear rather than differential acceleration between them is measured with a laser interferometer 4 . For the linear interferometer the shot noise limit on the displacement sensitivity (in
where λ is the laser wavelength and N is the number of photons per second. The acceleration sensitivity (in
) to an acceleration a with frequency f is then
By contrast for the torsion pendulum geometry, the sensitivity is parametrically enhanced over this. The ultimate shot noise limit on angular displacement sensitivity is δθ
where L is the length of the optical lever-arm. The sensitivity to differential linear accelerations of the two proof masses of differing composition is then
where R is the radius of the torsion balance. Thus it is enhanced over the linear sensitivity Eqn. (29) by a factor of L R , the optical lever arm over the size of the torsion balance. So the torsion balance is the optimal geometry for such a signal. LIGO is an example of a linear interferometer which is very sensitive to accelerations. The proof masses (mirrors) in LIGO are not made with different materials and so are not designed to search for an EP-violating acceleration. However there is still a signal in LIGO arising from the time-oscillation of the dark matter field but is suppressed compared to the total acceleration by a factor ∼ mL [38] . Initial LIGO only has sensitivity above 30 Hz and Advanced LIGO only has sensitivity above 10 Hz. LIGO's sensitivity will be roughly comparable to the sensitivity of the "future" torsion balance curve above these frequencies. So LIGO will not have sensitivity past current bounds for the scalars, but will have some reach into unexplored parameter space for the B − L gauge boson.
B. Atom Interferometry
Light pulse atom interferometers [74] have emerged over recent years as precision accelerometers. Currently demonstrated technology is approaching a sensitivity of ∼ 10 in the farther future [75] [76] [77] [78] [79] . Experiments to test the equivalence principle using these accelerometers [75, 80] are presently under construction [79, 81, 82] . These experiments operate by dropping co-located clouds of two different atomic species (e.g. Rb-85 and Rb-87) and measuring the differential acceleration between them. In such experiments, since the atom clouds (the test masses) are in free fall during the course of the measurement, the differential acceleration between them is immune to a variety of noise sources such as seismic vibrations and suspension thermal noise that limit conventional optical interferometers, where these noise sources are introduced due to the need to hold the macroscopic proof masses. Atom interferometers face a different set of backgrounds, such as shot noise. As with torsion pendulums, searches for static EP violation may ultimately be limited by gravity gradients. Again as with torsion pendulums, the time oscillation makes the dark matter signal much less susceptible to these, and there exist protocols to reduce backgrounds down to the shot noise floor [77, 83] for such AC measurements.
The atom interferometer measures acceleration by sensing the position of the atom clouds at different points in their trajectory. The displacement of the atom clouds scales as t 2 , the time over which the acceleration is measured.
This time is limited by the free fall time t f of the apparatus and the period 1/m of the oscillating dark matter signal.
To estimate the sensitivity of the atom interferometers, we will take t to be the smaller of these two times. Since the coherence time of the signal is ∼10 6 /m, it might be possible to improve over this estimate. For masses m > ∼ 1/t f , the interferometer could potentially be operated in a resonant mode allowing the displacement to build over several oscillations of the dark matter signal. Similarly, for m < ∼ 1/t f it might be possible to increase the measurement time by bouncing the atoms many times in the interferometer, effectively increasing the free fall time. Both of these possibilities deserve further experimental consideration, but we do not include them in our sensitivity estimates.
Under these assumptions, the red curves in Figs. 2, 3 & 4 show our projected sensitivity of atom interferometer searches to an EP-violating dark matter signal. From top to bottom, the curves assume interferometers with acceleration sensitivities of 10
, and 10 −17 g √ Hz at 1 Hz. In all cases, the sensitivity drops as 1/f 2 for frequencies f > 1 Hz while remaining flat for frequencies f < 1 Hz, consistent with the above assumption about the measurement time. We used Rb-85 and Rb-87 for the atomic species and assumed a total integration time of 10 6 s. These searches are expected to be more powerful than searches for the static EP-violation caused by the DM field sourced by the Earth (assuming the field to make up all of the DM).
C. Lunar Laser Ranging
Lunar laser ranging (LLR) provides a sensitive search for static EP-violating forces. Thus it is worth considering whether it would be useful in the search for this type of oscillating, EP-violating force from dark matter. LLR can detect a new EP violating force from the sun that causes a differential acceleration between the earth and the moon. Currently the sensitivity is limited by the accuracy of the ranging which is around 1 cm [84] . In order to distinguish the effect of a new force from all the other orbital parameters a fit is performed to the ranging data. A full statistical model is necessary to precisely calculate the expected reach of LLR for our dark matter signal, which is beyond the scope of the paper. Here we give a very rough estimate to motivate a more careful search for DM in LLR data.
The force from dark matter will point in a random direction, uncorrelated with the direction to the sun or any other objects in the solar system. This should aid in discriminating it from the effect of other unknown solar system parameters. Further, it will oscillate in time with a precise frequency which should also aid in discrimination. It is likely that if the period of the dark matter is much shorter than a month, the effect on the moon's orbit will average down and so the sensitivity will be reduced. But for periods longer than a month (dark matter masses below ∼ 10
eV) the effect should be unsuppressed. If we use the relative (EP-violating) acceleration of the moon and earth caused by B − L vector dark matter from Eq. (4) and then multiply by (1 month) 2 we find a rough estimate for the extra distance apart the two are separated by after a month. Requiring this be larger than 1 cm yields a very rough estimate for the sensitivity of LLR to this type of dark matter. This gives a reach in the B − L coupling which is down to g ∼ 5 × 10 −26 in the mass range below about ∼ 10 −21 eV, about an order of magnitude below current bounds. Of course the real estimate may be better than this since there are already many months worth of data, and the sharp peak in the frequency spectrum of the signal may allow noise to be removed. It would thus be very interesting to reanalyze the LLR data to search for this dark matter signal.
D. Pulsar Timing Arrays
Observational constraints permit the mass of the dark matter to be as low as m ∼ 10 −22 eV, leading to oscillating effects with periods as long as ∼ year. Celestial test bodies offer a powerful way to probe signals at these ultra-low frequencies. In particular, leveraging the exceptional stability of pulsars, timing arrays that measure differences in the arrival times of signals from a number of pulsars have been proposed as a way to search for gravitational waves in the 10 −8 − 10 −6 Hz frequency band. These pulsar timing arrays are automatically sensitive to the ultra-light bosonic dark matter considered in this paper.
One possible signal, considered in [85, 86] , arises due to the purely gravitational effect the oscillating dark matter field has on the metric. However, much larger effects can arise due to the direct couplings of the dark matter field to ordinary matter. In the case of the scalar dark matter, the strongest effect arises directly in the timing measurements, which are made using atomic clocks. The oscillation of the scalar field causes the electron mass to oscillate, as discussed in Section III. This causes the timing of all terrestrial clocks to oscillate with the same fractional magnitude, since atomic clock frequencies are set by the spacings between atomic energy levels which are proportional to the electron mass. Of course, the pulsars "clocks" are also affected by the scalar field oscillations. For example the neutron mass also changes and this will affect the moment of inertia of the pulsar and hence its spin rate. However, the pulsars being observed are far enough from the earth that they are all well beyond the Compton wavelength of even the lightest possible dark matter candidate. Therefore the observed effect on the timing for each pulsar is O(1) different from the effect on terrestrial atomic clocks, and also O(1) different from the effect on every other pulsar (and does not rely on the EP violation of the force). Averaging many pulsars together then essentially provides a stable definition of time where the dark matter effect averages to zero (or more precisely is reduced by the square root of the number of pulsars). This definition of time is then compared to terrestrial atomic clocks which have oscillations in their timing caused by the dark matter. This is conceptually similar to a comparison between different atomic clock [38, 56] , although here the pulsars provide a standard of time to compare to which essentially does not oscillate with the dark matter. This gives a timing residual of
For the Higgs-portal scalar coupling, |δm e /m e | ≈ b √ ρ DM /(m m 2 h ), while for a scalar coupled to the electron mass |δm e /m e | ≈ g φee √ ρ DM /(m m e ). This signal is observable in pulsar timing arrays in a similar way to a gravitational wave.
We estimate the sensitivity to scalar dark matter of the existing European Pulsar Timing Array (EPTA), and of 10 years of running of the upcoming Square Kilometer Array (SKA) [87] , by comparing the maximum timing residual to the timing sensitivity of the array. From [88] , this sensitivity is ∆t ≈ σ t / N p N m , where σ t ∼ 100 ns (30 ns) , N p = 5 (50) is the number of pulsars, and N m = 10 yr/2 weeks is the number of measurements per pulsar. (This is approximately equivalent to equating the maximum fractional change of m e to the gravitational wave strain sensitivity estimated in [89] .) We show our estimates of these sensitivities in Figs. 3 & 4. Dark matter also gives rise to a timing residual due to the force it exerts on matter. This results in a physical displacement of both the Earth and pulsars, which as before are not in phase with each other due to the large separation lengths, resulting in an observed timing residual (again this does not rely on the EP-violation of the force, which anyway is relatively large). For the Higgs-coupled scalar, this effect is O(10 −4 ) smaller than the dilation effect due to the velocity suppression of the force, and the smaller fractional coupling of the scalar to the nucleon mass than the electron mass. For the B−L coupled vector it gives the dominant effect, resulting in a timing residual of
where the factor of 2 accounts for the fact that the Earth is ∼50% neutrons, and the factor of √ 3 accounts for the fact that we only observe displacements along the line of sight to a given pulsar. Comparing to the timing sensitivity discussed above gives the estimated sensitivity shown in Fig. 2 .
Both the time-dilation signal and the acceleration signal are similar to a gravitational wave signal in a pulsar timing array, with the key difference that these signals are not tensor in nature (they are scalar and vector in nature respectively). A gravitational wave causes contraction along one axis and expansion in a perpendicular axis, and thus the timing changes from pulsars depend on the direction to the pulsar in this tensorial manner. However in the case of scalar dark matter, the timing change is describable just as a change to terrestrial atomic clocks and is therefore independent of the direction to the comparison pulsar. For an acceleration signal, the earth accelerates in a particular direction. Thus the timing changes to pulsars in that direction have one sign, the timing changes to pulsars in the opposite direction along the same axis have a different sign, and there is no timing change to pulsars in the two perpendicular directions. While such scalar and vector signals are certainly visible to pulsar timing arrays, searching for them likely requires a slightly different analysis than the gravitational wave analysis. It would thus be interesting for the pulsar timing arrays to undertake searches for scalar and vector signals.
E. Projected sensitivities
In Figs. 2, 3 & 4 we show our estimated sensitivities for the various torsion pendulum, atom interferometer, and pulsar timing array setups discussed above. We emphasize that the upper curves for the torsion pendulum and pulsar timing array correspond to possible reanalyses of existing data. In all three cases the lowest curves are expected to be reachable in the timescale of a decade.
We also show several existing constraints. The yellow shaded regions show bounds from static EP tests using torsion pendulums [66] . We converted these bounds from the B−L case into the scalar cases according the formulae given in sections IV C & IV D. The green shaded region in Fig. 3 labelled LLR shows the bound from tests of the gravitational inverse-square law using lunar laser ranging [69, 90] . In Figs. 2 & 4 these bounds are weaker than the static EP bounds and so do not appear. The static EP and lunar laser ranging bounds arise due to the light field being sourced by the Earth, and are independent of the field's contribution to dark matter. The shaded region show bounds from static EP tests using torsion pendulums [66] . We have not shown estimates for the sensitivity of lunar laser ranging to DM, but even existing data is potentially powerful (see Sec. V C).
The light purple shaded region in Fig. 3 shows the bound from a search for scalar dark matter in atomic clock data [56] appearing as oscillating change to α. We converted these into bounds on b assuming a coupling L ⊃ (g hγγ b/m 2 h )φF µν F µν , with g hγγ ≈ α/8π [52] . Dedicated atomic clock searches may have significantly increased sensitivity to scalar dark matter in the future [38] . The gray lines in Figs. 3 & 4 mark the edge of the natural region (assuming a cutoff above ∼ TeV in the electron-coupled case); the parameter space to the left requires fine tuning.
As can be seen from the plots, there is significant potential to probe untested DM parameter space, most dramatically in the case of B − L vector DM or a scalar DM coupled to the electron mass.
VI. CONCLUSIONS
Ultra-weakly coupled, light bosonic particles emerge in a number of theories of physics beyond the Standard Model, and are an important target for experimental searches. They may play an important role in resolving major problems in particle physics such as the strong CP problem, the electroweak hierarchy problem [49] , and possibly the cosmological constant problem [91] . In these approaches, the solutions to these outstanding problems are not the result of high energy physics but rather the product of low energy dynamics. If these fields exist, it is natural for them to be dark matter. It is important to pursue the experimental signatures of these alternative possibilities. The ultralight mass range, where dark matter behaves as a coherent oscillating classical field, spans over twenty orders of magnitude in mass from ∼ 10 −22 eV to ∼ eV. Here, we have proposed probes of the lighter half of this parameter space, using sensitive measurements of time-dependent, equivalence principle (EP)-violating accelerations. Existing accelerometers are already sensitive to new parameter space, and we project that near future technology will improve bounds up to ten orders of magnitude in coupling strength.
Quantum field theory restricts the ways in which a particle can be naturally light to a small number of leading possibilities, such as derivative interactions (such as axions), kinetic mixing with electromagnetism, minimal gauge couplings, and the higgs portal. There are a variety of experiments that source and detect these particles in the The blue, red and green curves and the yellow shaded region are as in Fig. 2 . Also shown are regions excluded by tests of GR using Lunar Laser Ranging [69, 90] , and a search for scalar DM in atomic clock data [56] . Above the gray line the scalar mass is fine tuned. As discussed in Sec. IV C, there is an O(1) theory uncertainty in the degree of EP violation of the coupling to nuclei, which affects both the static EP-test bounds and the projections for atom interferometer and torsion balance tests.
laboratory, such as experiments that search for spin dependent forces (for axions [57] [58] [59] [60] ), the transmission of electromagnetic radiation through a shield (for kinetically mixed hidden photons [23, 31] ) and experiments that search for new short distance/equivalence-principle violating forces between test bodies [75, 92, 93] . The other option besides experiments that both source and detect these particles is to search for an existing cosmic abundance of such particles. There have been a handful of ideas of how to discover these new fields if they make up the dark matter.
The effects discussed in Section III encompass all the experimental avenues to directly search for the interactions of ultra-light dark matter. A variety of experimental avenues to search for the time dependent signals caused by a cosmic abundance of axions and hidden photons are currently being pursued, while there are no experiments designed to search for the time varying accelerations caused by B −L gauge bosons and scalars (such a relaxion). We can search for ultralight dark matter through its effects on photons, electrons and nucleons. Presently, microwave cavities [13] (and potentially, LC resonators [94, 95] ) are used to search for axions through their mixing with photons. Scalar dark matter coupling to photons or fermions can cause oscillations of fundamental parameters of the Standard Model, which may be searched for using atomic clocks [38, 56] or possibly resonant bars [39] . The effects of dark matter on fermions such as electrons and nucleons fall into two broad categories: the dark matter can lead to precession of their spins (the target of the CASPEr experiment [17, 18] ) or lead to forces acting on them. Of the many possible kinds of forces, there is one particular combination that is aligned with electromagnetism (the hidden photon) and this force can be searched for using LC resonator experiments [33] . Any other type of force will result in an equivalence-principle violating acceleration of electrically neutral atoms. The phenomenology will thus be similar to the concepts discussed in this paper.
Our experimental proposal relies on the fact that a cosmic abundance ultralight vectors or scalars may generically exert a direct, time-oscillating, EP-violating force on normal matter. This gives rise to accelerations that can be measured by observing the resulting displacement of test bodies. Since this displacement scales as m −2 , an acceleration signal that has a fixed magnitude (such as the signal from dark matter) leads to a larger measurable displacement signal at lower frequencies/masses. Since accelerometers appear to be ill suited to search for high frequency signals, it would be interesting to develop alternate protocols that can probe these high frequency regions. The EP-violating nature of the dark matter signal enables its detection in compact laboratory setups, since there is a no need for a long baseline. This suppresses backgrounds such as time varying gravity gradient noise and seismic vibration noise that normally plague long baseline accelerometer setups such as terrestrial gravitational wave detectors. Removing these backgrounds makes it possible to search for low frequency signals, where accelerometer sensitivity is maximized. Thus, accelerometers such as torsion pendulums and atom interferometers are optimal ways to directly detect such light dark matter over 10 orders of magnitude in mass from ∼ 10 −8 Hz to kHz. Our present proposals help establish a full experimental program to discover light dark matter.
with the Earth has the form E(t) = E 1 (t)(cos(2πf ⊕ t)x ⊕ − sin(2πf ⊕ t)ŷ ⊕ ) + E 2 (t)(sin(2πf ⊕ t)x ⊕ + cos(2πf ⊕ t)ŷ ⊕ ) + E 3 (t)ẑ ⊕ ,
where f ⊕ = 4.84 × 10 −6 Hz is the Earth's rotation frequency.
• In a lab at latitude α, let {x lab ,ŷ lab ,ẑ lab } point south, east, and upwards respectively. Then thenŷ lab =ŷ ⊕ and x lab = sin αx ⊕ − cos αẑ ⊕ .
• A torsion pendulum on a horizontal rotating turn table feels a torque from the azimuthal component of E, i.e. the component along the directionθ = sin(2πf tt t)x lab − cos(2πf tt t)ŷ lab , where f tt is the turn-table frequency. This is given by E θ (t) = E 1 (t)(sin α cos(2πf ⊕ t) sin(2πf tt t) + sin(2πf ⊕ t) cos(2πf tt t)) + E 2 (t)(sin α sin(2πf ⊕ t) sin(2πf tt t) − cos(2πf ⊕ t) cos(2πf tt t)) − E 3 (t) cos α sin(2πf tt t) .
• If E(t) has frequency f DM in galactic frame, there will therefore be signals in the torsion pendulum at 6 different frequencies:
As discussed in Sec. V A, this splitting pattern is a distinctive signature of the extra-terrestrial origin of the signal, and so will be a useful test of a DM signal. It can be resolved as long as f ⊕ > ∼ ∆f DM ≈ 10 −6 f DM , i.e. f DM < ∼ 0.5 Hz, and as long as the integration time is longer than ∼ 1 day (although it will compete with systematics which modulate daily). It will also reduce the backgrounds for the for extremely low mass DM, since a static gravity gradient or a turn-table imperfection appears as signals at frequency f tt , while a DM signal has components shifted from this by at least f ⊕ .
Since there are 6 signal frequencies (12 real parameters) but only 3 components of E (6 real parameters), there are correlations between the amplitudes and phases of the different frequency components. In principle this allows the full (complex) vector E to be determined, and the remaining constraints provide further checks of the signal. For B − L vector DM, E 1 , E 2 and E 3 are expected to be uncorrelated and have the same rms amplitude. For scalar DM, E is replaced with ∇φ, which is expected to point on average in the direction of the Earth's motion. This difference should ultimately allow the two cases to be distinguished.
